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Mutual interference among linked genetic sites
subject to selection may reduce the level of
adaptation. A recent study detected this effect using
data on protein sequence evolution and codon
usage in Drosophila.
Sexual reproduction is one of the long-standing
problems of evolutionary biology: the vast majority of
eukaryotes reproduce sexually, despite the well-
known fitness costs of sexual reproduction [1]. One
solution to this problem is provided by population
genetic models which postulate that the mixing of
genetic contributions from two parents confers an
evolutionary advantage on sexual reproduction, by
facilitating the operation of natural selection [2,3]. A
basic feature of many of these models can be under-
stood by considering the case of two nearby
nucleotide sites on a chromosome, A and B. Assume
that the population consists initially of individuals with
alleles A1 and B1 (Figure 1). New, selectively advanta-
geous mutations, A2 and B2, arise independently at
each site, forming new gene combinations A1B2 and
A2B1. In the absence of recombination, the fittest
combination A2B2 cannot be formed, and the popula-
tion will become fixed either for A1B2 or A2B1, depend-
ing on which mutation arose first and on their relative
selective advantages. If there is some recombination
between the loci, however, this interference among
the loci is reduced, and both advantageous mutations
can become fixed.
A number of specific evolutionary scenarios lead to
the general conclusion that higher levels of adaptation
can be achieved when recombination is frequent than
in its absence, because of the associated reduction in
the amount of Hill–Robertson effects, as this phenom-
enon is often termed [2,3]. The level of neutral vari-
ability within a population is also reduced by selection
at linked sites [4] (Figure 1), and Hill–Robertson effects
can usefully be regarded as reflecting a reduction in
effective population size in a local region of the
genome, as a result of the heritable variation in fitness
induced by selection at sites within this region [2,4].
It is difficult to test these ideas by comparing the
efficiency of selection among related sexual and
asexual species, as they usually differ in many other
respects. Another method is to use the fact that the
rate of recombination differs among different regions
of the same genome. In many species, there are
regions of the genome where recombination is
relatively frequent (often in the middle of chromosome
arms) and other regions where recombination is
infrequent or absent (often near centromeres and
telomeres). This enables comparisons of both levels of
variability and adaptation to be made between regions
with different rates of recombination. There is good
evidence that genetic variation is reduced in regions of
reduced recombination in several species, including
humans [5,6]. Similarly, codon usage bias in Drosophila
melanogaster is reduced in regions of low recombina-
tion [7]. While these observations are in agreement
with the predictions of models of Hill–Robertson
effects, other hypotheses have been proposed, and
their interpretation remains controversial [6,8].
Another pair of tests for Hill–Robertson effects have
recently been conducted by Betancourt and Presgraves
[9], using data on protein sequence evolution in
Drosophila. The test first compares the rates of evolu-
tion of nucleotide substitutions that change the amino-
acid sequence — non-synonymous substitutions —
between regions of high and low recombination. These
regions were defined using cytogenetic data, from
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Figure 1. The Hill–Robertson effect.
Three linked nucleotide sites are considered: A, B and C. The
new advantageous alleles A2 and B2 provide fitness increases
of 10% and 0.1%, respectively. C is a neutral site with two
neutral alleles C1 and C2. Without recombination, A2 is rapidly
fixed in the population because of the large fitness advantage
which it confers. B1 and C1 are also fixed by genetic hitchhik-
ing. With recombination, the fittest combinations A2B2C2 and
A2B2C1 can be generated and become predominant in the pop-
ulation. This model shows that the efficacy of selection and
neutral diversity are higher with recombination than in its
absence.
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which the local rate of recombination of a gene could
be estimated, in terms of centiMorgans per kilobase.
The evolutionary rates were measured by comparing a
set of 102 orthologous coding sequences and 153
male-specific expressed sequence tags (ESTs) between
D. melanogaster and D. simulans, two closely related
species. In order to control for differences in mutation
rates among genes, both the proportion of non-
synonymous differences per nucleotide site for a gene
(dN) and the corresponding proportion of synonymous
differences (dS) were estimated. 
Betancourt and Presgraves [9] found that the mean
dN value was significantly lower (0.019) for genes with
a lower than average recombination rate than for
genes with a higher than average rate (0.030), whereas
no difference in dS was observed between low and
high recombination regions (0.101 versus 0.118). The
ratio dN/dS thus differs in the same way as dN. There
is also a higher scatter of dN values among genes in
high recombination regions, as might be expected if
they vary in their rate of protein sequence evolution,
but there is no such effect for dS.
This observation is consistent with the idea that
there is a higher rate of adaptive protein sequence
evolution among genes with a higher than average
rate of genetic recombination (> 0.0029 cM per
kilobase). Inspection of Figure 1 of [9] suggests that
the major difference in dN in fact occurs at levels of
recombination slightly above the mean. If this sample
of genes is representative of the genome as a whole,
the results imply that around 60% of the genome may
have a suboptimal level of adaptation at the protein
sequence level, as a result of being exposed to too
little recombination. But one should bear in mind that
a large fraction (about 25%) of the genes that were
studied were candidate male accessory gland protein
genes, obtained from the male-specific EST set used
to generate 153 of the sequence comparisons. If these
are removed, the effect disappears. As these genes
are notoriously subject to rapid adaptive evolution
[10], they are likely to be unrepresentative of the
genome as a whole.
Nonetheless, the result does indicate that
Hill–Robertson effects may limit the rate of adaptive
protein sequence evolution, at least in part of the
genome. This is consistent with the higher rate of
adaptive protein sequence evolution at the CycB
locus on the (recombining) neo-X chromosome of D.
miranda, relative to its homologue on the non-recom-
bining neo-Y chromosome of this species [11]. In
contrast, other data, from both bird Y chromosome
genes [12] and the neo-Y chromosome of D. miranda
[11], suggest that the level of protein sequence evolu-
tion is accelerated for Y-linked genes compared with
their X-linked homologues. This is consistent with an
accelerated rate of fixation of deleterious amino-acid
mutations in non-recombining genomes, another
expected consequence of Hill–Robertson effects [2].
The second test relates to recent provocative
theoretical work by John Gillespie [13,14], who has sug-
gested that the rate of occurrence of selectively
favourable amino-acid mutations within a typical gene
may be so high that both neutral variability and the level
of adaptation are substantially lower than expected on
classical theory, which ignores Hill–Robertson effects.
If this is the case, we might expect genes which have
protein sequences that experience rapid adaptive evo-
lution to have reduced levels of codon usage bias. 
In Drosophila, genes tend to prefer the use of certain
synonymous codons over others, usually ones ending
in G or C [15]. This is probably because preferred
codons confer higher efficiency or accuracy of transla-
tion. The selection intensity involved is probably much
lower than that on amino-acid sequences, and the
overall frequency of optimal codons in a gene is the
outcome of a balance between selection, mutation and
genetic drift [15]. 
Selectively driven substitutions of amino-acid
mutations may therefore overpower weaker selection
for favourable synonymous mutations within the same
gene (Figure 1), as there is only a low frequency of
recombination among sites within the same coding
sequence. If advantageous synonymous mutations
can be lost as a result of interference by selection on
protein sequences, one should observe a negative
correlation between dN/dS for a gene and its fre-
quency of usage of optimal codons. This is exactly
what is found, even when some confounding factors
which are known to affect codon usage — such as
differences in gene length [16,17] — are corrected for.
In this case, the negative correlation persists when
male accessory gland protein genes are removed.
It therefore seems that genes subject to adaptive
protein sequence evolution have difficulty in maintain-
ing optimal codon usage. As the most rapidly evolving
protein sequences are in regions of the genome with
high levels of recombination (see above), this implies
that even genes with high recombination rates may
experience Hill–Robertson effects on synonymous
sites. But, once again, some caution should be exer-
cised in extrapolating this to the genome as a whole,
as only a relatively small fraction of the genome has
been studied. In addition, it is not clear that other
explanations can be excluded. In particular, some
non-synonymous substitutions can change a codon
from optimal to non-optimal. For example, the substi-
tution of GUG by GCG changes an optimal codon for
valine to non-optimal codon for alanine. Such non-
synonymous substitutions represent about 20% of the
total [18], and could help to account for the difference
in codon usage between genes with different rates of
protein sequence evolution.
Despite these reservations, the consequences of
interference among different sites subject to selection
are critically important for our understanding of
patterns of genome and molecular evolution. There
are even theoretical reasons for expecting noticeable
effects of such interference among synonymous sites
subject to selection for codon usage [17,19], and a
recent study of patterns of codon usage within genes
of D. melanogaster suggests that these can be inter-
preted in terms of models of such interference [20]. It
is difficult, however, to construct models which fully
capture all the possible evolutionary forces that may
be influencing patterns of codon usage within and
among genes, and we anticipate that there will be
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significant changes in both the models and the
methods used to test them over the next few years.
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